The interaction of water-soluble CdSe quantum dots (QDs) with gold (Au) nanoparticles was investigated by ultraviolet visible absorption spectroscopy. The results showed that the aggregation of Au nanoparticles was induced by CdSe QDs. The influences of factors such as the size of Au nanoparticles, acidity, buffer concentration and the concentration ratio of the CdSe QDs to Au nanoparticles were each investigated. The comparison of two different particle sizes (16 and 25 nm) of Au nanoparticles that interact with CdSe QDs in the solution showed that the aggregation of small Au nanoparticles (16 nm) is easier than that of big Au nanoparticles (25 nm). At pH 7.0 phosphate buffer solution (0.02 M), the optimal molar ratio of CdSe:Au is about 3100:1 according to calculations.
Introduction
Interactions between nanoparticles and small or big molecules have received significant attention in recent years due to their potential for producing functional materials with novel optical and electronic properties, which are desirable for applications in biosensing and biolabeling. [1] [2] [3] Up to now, some functional nanoparticles (such as Au nanoparticles, QDs) have been extensively used as probes for the determination of biomolecules based on the interactions between nanoparticles and biomolecules. 4, 5 The multiple reactions among Au nanoparticles, QDs and biomolecules were also investigated. 6, 7 In 2004, Fu 6 and coworkers had dispersed nanostructures of QDs-Au with DNA by gel electrophoresis. However, the definite interaction mechanism of nanoparticles in the reactions was not given. To make clear the functional role of nanoparticles in biosensing and biolabeling, one must study the interaction mechanism between one nanoparticle and other nanoparticles.
In this paper, we focused on exploring the features of the interactions between QDs (∼2 nm) and Au nanoparticles (16 and 25 nm) using ultraviolet visible (UV-visible) absorption spectroscopy. Among the variety of optical methods available, the UV-visible absorption spectroscopy is very simple with certain sensitivity.
An obvious color change happened immediately while the CdSe QDs solution mixed together with the Au nanoparticles, which suggested an aggregation of Au nanoparticles induced by CdSe QDs. Two different particle sizes (16 and 25 nm) of Au nanoparticles were used to interact with CdSe QDs in the solution. It was found that the aggregation of small Au nanoparticles was easier than that of big Au nanoparticles in the presence of CdSe QDs. Other factors such as acidity, phosphate buffer solution (PBS) concentration, and the concentration ratio of the CdSe QDs to Au nanoparticles were investigated. TEM images of Au nanoparticles before and after adding CdSe QDs were taken, which clearly showed the aggregation of Au nanoparticles induced by CdSe QDs. A possible mechanism is also described below.
Experimental

Reagents and chemicals
CdCl2·2.5H2O, selenium (Se), thioglycolic acid, AuCl3·HCl·4H2O, and citrate sodium were purchased from Shanghai Reagent Factory (China). All other reagents were analytical reagent grade. Doubly deionized water was used throughout the experiment.
Apparatus
The absorption spectra were acquired on a Thermo Nicolet Corporation Model evolution 300UV-Visible spectrometer. The TEM images were taken by a JEM2010FEF high-resolution transmission electron microscopy (JEOL). Acidity measurements were made with a Model pHS-3C meter (Shanghai Leici Equipment Factory, China).
Procedure
Au nanoparticles in colloidal solutions were prepared by reducing hydrogen tetrachloroaurate(III) with citrate sodium.
CdSe QDs were synthesized and purified according to a method developed by our lab. 8 Briefly, the mixture of CdCl2 solution and thioglycolic acid was heated to 90˚C under N2 flow. At this temperature, the Na2SeSO3 solution was injected at the high-intensity ultrasonic horn. The reaction was stopped 30 min after the injection and heating was immediately stopped. The resulting products were purified with precipitation, centrifugation and decantation. The vacuum-dried CdSe QDs were redispersed in water for further use. 
Results and Discussion
The UV-visible absorption spectra of Au nanoparticles and CdSe QDs
Some UV-visible absorption spectra of Au nanoparticles and CdSe QDs are shown in Fig. 1 . According to theoretical predications calculated from the well-known Mie theory, 9 the sizes of the Au nanoparticle composed were 16 and 25 nm, which corresponded to the absorption peaks centered at 520 (Fig. 1a ) and 541 nm (Fig. 1b) . The concentrations of 16 and 25 nm Au nanoparticles were calculated to be 1.6 × 10 -9 M and 4.2 × 10 -10 M, respectively. 9 The absorption spectrum of CdSe (Fig.  1c) indicated that the average size of as-prepared CdSe QDs was about 2 nm. 10 The concentrations of QDs solution were estimated from the absorption spectra using the molar absorptivity at first absorption maximum for QDs of this size reported by Schmelz et al. (∼5 × 10 4 M -1 cm -1 ). 10 The influence of Au nanoparticle sizes UV-visible spectra of 16 and 25 nm Au nanoparticles before and after adding 2 nm CdSe QDs were distinguishable. Upon addition of CdSe QDs, a visual red-shift peak appeared in the absorption spectrum of 16 nm Au nanoparticles (Fig. 2a) , which suggested formation of notable aggregations between 16 nm Au nanoparticles and CdSe QDs. However, for the 25 nm Au nanoparticles, no obvious red-shift was found after adding CdSe QDs (Fig. 2b) . The results indicated that aggregation of small Au nanoparticles was easier than that of big Au nanoparticles in the presence of CdSe QDs. The absorption of CdSe QDs cannot be observed, which was mainly attributed to the complete aggregation of CdSe QDs.
Effect of acidity
The effect of acidity on the Au nanoparticles from pH 5.0 to 9.0 is shown in Fig. 3a . There was an apparent peak arising in the 600 -700 nm when the pH value was above 7.0. The reason was due to self-aggregation of Au nanoparticles in the alkali PBS. Similar effects of Au nanoparticles in self-assembled films have been reported by the groups of Natan 11 and Johnson. 12 The results were likely due to coulomb repulsion effects between negatively charged carboxylate ligated Au nanoparticles. 13 However, for the mixtures of CdSe QDs and Au nanoparticles, a red-shift peak of the UV-visible spectrum curves had no obvious change along with the acidity ranging from pH 5.0 to 9.0. Considering the self-aggregation of Au nanoparticles and further applications in biology, a PBS of pH 7.0 was recommended. 
Effect of PBS concentration
The concentration of PBS plays an important role in the interactions between CdSe QDs and Au nanoparticles. As shown in Fig. 4 , the change of absorbance intensities was enhanced with the increasing of PBS concentration. Such results indicated that the ionic strength of solution gave a positive effect on the Au-CdSe aggregation. Thioglycolic acid on the surface of CdSe QDs was easy to be desorbed with the increasing of PBS concentration. When the thioglycolic acid on CdSe QDs was desorbed, CdSe QDs gathered together to form aggregates of CdSe, because the concentration of CdSe was much higher than Au nanoparticles. When the concentration of PBS was more than 0.02 M, the change of absorbance intensities decreased with the increasing of PBS concentration, which may be due to the self-aggregation of Au nanoparticles in the high ionic strength solutions. In the following experiments, 0.02 M PBS (pH 7.0) was chosen.
Effect of CdSe QDs concentration
Some UV-visible absorption spectra of Au nanoparticles in the different concentrations of CdSe QDs are shown in Figs. 5a and b, which indicated UV-visible absorption spectra of mixture at the 700 nm changed versus CdSe QDs concentration. The concentration of the Au nanoparticles was 1.6 × 10 -9 M. The absorption peak centered at 432 nm wavelength increased with the increasing of CdSe QDs concentration. At the same time, the absorption peak at 521 nm wavelength decreased and the intensities of red-shift peak between 650 and 700 nm increased dramatically, which clearly showed the aggregation of Au nanoparticles induced by CdSe QDs.
When the concentration of CdSe QDs was higher than 5.0 × 10 -6 M, the maximum change of absorption intensities at 700 nm wavelength occurred, which indicated that Au nanoparticles had been aggregated completely. The optimal mole ratio of CdSe:Au was 3100:1 as calculated by a molar ratio method.
The possible interaction mechanism
Several mechanisms for the interaction between different nanopaticles are possible, including self-assembly, electrostatic attraction, ligand exchange and coordination-induced coupling.
14 According to our results, a possible mechanism was put forward to explain the interaction between CdSe QDs and Au nanoparticles. We suggest that the Au-CdSe aggregation originates from the electrostatic attraction and self-assembly between Au particles and QDs during interfacial interaction. 14, 15 The surface of CdSe QDs, capped with thioglycolic acid, has the negative charges at pH 7.0. At higher concentration of PBS, the citrate sodium removed from the surface of Au nanoparticles and the thioglycolic acid desorbed from the surface of CdSe QDs, which resulting in more and more exposed CdSe QDs becoming faced to Au particles. The two kinds of nanoparticles were attracted by an electrostatic effect, which led to generate adequate aggregation particles and the peak was red shifted. At the same time, the Au particles' peak at 521 nm sharply dropped as the number of Au particles decreased. In order to further prove the aggregation of Au induced by CdSe QDs, we investigated the TEM images of Au nanoparticles before and after adding CdSe QDs. The results are shown in Fig. 6 ; they indicate that few aggregates of Au nanoparticles were found before adding CdSe QDs (Fig. 6a) . Then after adding CdSe QDs to the solution of Au nanoparticles, it was clear that many irregular aggregates were formed (Fig. 6b) . Some CdSe QDs were found around Au nanoparticles. Specially, the effect of Au nanoparticle sizes on the interaction was obvious; the reason was due to the higher surface-to-volume ratio by decreasing Au particle size, and giving more interaction region. 16 What's more, the aggregation of CdSe QDs also occurred as the interaction time prolonged.
Conclusions
In summary, we have demonstrated the interactions between water-soluble CdSe QDs and Au nanoparticles using UV-visible 653 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 
